In an even-aged pine forest trees can vary considerably in stem size. We examined the basis for this anomaly using a retrospective approach. Twelve open-pollinated families of Pinus densiflora Sieb. et Zucc. were deliberately chosen for their variation in stem volumes at age 32 years. Seedlings obtained from these families were grown to age 6 months under optimal nursery conditions. Endogenous levels of growth hormones (auxin [IAA] and gibberellins [GAs]) and expression of the GA biosynthesis gene, PdGA20ox1, all assessed at age 3 months, were significantly correlated, across family, with seedling stem and/or shoot dry biomass at age 6 months. Retrospective comparisons of seedling growth, seedling stem tissue GA 20 and seedling stem expression levels of PdGA20ox1 were then made, across family, with tree stem growth at age 32 years. Age 6 months length and shoot dry biomass at age 6 months showed positive and significant Pearson's correlations with age 32 years tree stem diameters and a tree stem volume index, as did seedling stem tissue GA 20 . Even seedling stem PdGA20ox1 expression levels were positively and near significantly (P = 0.088) correlated with age 32 years tree stem diameters. Auxin and GAs control nursery growth of seedlings at the family level, and this control also extends, for GAs at least, to field growth of older trees. We propose that family differences in PdGA20ox1 gene expression, and thus endogenous GA levels, may explain much of the natural variation seen for tree stem size in even-aged pine forests. If our hypothesis is correct, then the heritable components of variation in tree stem growth capacity should be predictable by hormonal and gene expression profiling. Such profiling, combined with the measurement of seedling phenotypic growth characters, could have the potential to accelerate the early selection of those conifer families that possess traits for inherently rapid stem wood growth.
Introduction
Traditional breeding within a forest tree species for desired traits, such as rapid stem growth, is the major method of improving both genetic and phenotypic gain. A major limitation, though, is the necessity for field progeny testing for a decade or more in order to identify families with inherently rapid stem growth. Thus, the development of reliable methods for accurately estimating inherent stem growth capacity can have a significant impact on tree breeding programs.
For broad-leaved trees, such as poplars, gibberellins (GAs), particularly the 3β-hydroxylated, growth-active GA 1 and GA 4 , are causal for stem elongation growth. Radial growth of the stem is also under GA 1 (but apparently not GA 4 ) control. These conclusions are based on research with transgenic (AtGA20ox) lines of hybrid aspen poplar (Populus tremula L. x P. tremuloides) (Eriksson et al. 2000 , Israelsson et al. 2004 , 2005 , though there is also other evidence (Little and Pharis 1995) . In other poplar hybrids (Populus deltoides L. x P. nigra), an increased GA 1 concentration in cambial region tissues has been linked to hybrid vigor for stem radial growth (Bate et al. 1988) . The auxin, indole-3-acetic acid (IAA), has also been causally linked to tree stem radial growth (Uggla et al. 1996 , 1998 , Tuominene et al. 1997 . For conifers a similar role is indicated for growth-active GAs controlling both longitudinal and radial stem growth, with IAA also being causally implicated in radial stem growth (Williams et al. 1987 , Zhang 1990 , 1996 , Pharis et al. 1991 , Wang et al. 1992 , Little and Pharis 1995 , Ljung et al. 2001 .
The concentration of growth-active GAs in growing stems is controlled by transcriptional regulation of genes encoding both biosynthetic (GA20ox and GA3ox) and catabolic (GA2ox) enzymes, and modifying the expression of these genes can alter plant growth rate (Eriksson et al. 2000 , Olszewski et al. 2002 , Busov et al. 2003 , Reinecke et al. 2013 . Interestingly, auxin (IAA) positively regulates GA20ox and GA3ox expression (Wolbang and Ross 2001 , O'Neill and Ross 2002 , Ozga et al. 2003 , whereas the effect of IAA on GA2ox expression is negative (Ross et al. 2000, O'Neill and Ross 2002) .
Several studies have indicated that morphological measures of young conifer trees grown under near-optimal conditions can be predictive of inherently rapid stem growth, at the family level, at older ages. Thus, stem growth rates at 1.5-2 years for Pinus taeda L. were significantly correlated with age 8 years field heights (Lambeth 1983). Age 4 years nursery heights Pinus banksiana Lamb. families were also significantly correlated with their age 12 years field heights (Magnussen and Yeatman 1986) . Other studies have utilized even younger seedlings, i.e., heights at age 6 months for glasshouse-grown Picea mariana (Mill., B.S.P) and stem volumes at age 138 days for Phytotron-grown Pinus radiata D.Don were significantly correlated with family stem growth at age 13 and 9+ years, respectively (Williams et al. 1987 , Pharis et al. 1991 . However, despite the above evidence, there does not appear to be a wide acceptance of 'early' morphological measures as a valid predictive index of inherent stem growth capacity. Gongju (36.6°N, 127 .1°E, elevation 120 m, and the other at Chuncheon (37.5°N, 127.4°E, elevation 500 m). Among a total of 58 families present on both progeny test sites, 12 families were deliberately chosen which (i) exhibited a range of field growth performances and (ii) had similar ranks at age 32 years on both progeny test sites. Both tree height (m) and stem diameter (cm) at 1.2 m (DBH, cm) of the 32-year-old trees were measured in the fall of 2007. From these individual tree measurements on each of the two progeny test sites, a mean stem volume index (VI) was calculated for each family by multiplying the squared value of DBH by height (Table S1 available as Supplementary Data at Tree Physiology Online). A hierarchical cluster analysis was performed based on VI and it separated these 12 families of P. densiflora into three clusters of four families each (see Table  S2 available as Supplementary Data at Tree Physiology Online).
Materials and methods

Plant materials and their growth
To obtain seeds of the 12 families from the same mother trees, cones were harvested in autumn 2007 from grafted (1975) clones of the same families, which were located in a seed production orchard on Anmyeon island, Korea (36°30′N, 126°20′E, elevation 50 m). Seed weights (per 100 seeds) were measured and seeds from each of the 12 families were sown in a nursery in 2008. Seedlings were grown under near-optimal nutrient and watering conditions from 10 April to 30 October (to age 6 months) in a randomized complete block design, with three replicate blocks. Seeds were sown again in 2009 and those seedlings were grown through early July (to age 3 months). The nursery is located at Suwon (37°15′N, 127°1′E, elevation 20 m), Korea. Cumulative seedling heights were measured on 15 dates, from 10 June to 20 October 2008, for all 12 families, 20 seedlings per family (data not shown).
From these nursery trials, two replicates of 10 seedlings each (above-ground parts only) per family were collected at age ca. 3 months, in each of late June 2008 or early July 2009. After collection in 2008 the seedling shoots were frozen at −70 °C and then freeze dried for hormone analysis. In 2009, seedling shoots were frozen after harvest as above. Then, shoots destined for hormone analysis were freeze dried, whereas seedling shoots used for molecular analysis were stored at −70 °C. Seedlings collected on 30 October 2008 were used to measure seedling height and shoot dry weight, including stem and needles. USA). Subsequent purification, separation and stable isotope dilution analysis by gas chromatography-mass spectrometry selected ion monitoring were accomplished as described by Kurepin et al. (2007) .
Cloning of the gene encoding the P. densiflora Total RNA was isolated from the 2009, 3-month-old seedlings (all above-ground parts, including stem, needles and hypocotyls) using the CTAB (cetyl-trimethyl ammonium bromide) method (Chang et al. 1993) , and DNA contamination was removed using Column Plant RNAout 2.0 (Tiandz, China). One microgram of the total RNA was used for reverse transcription with a SMARTer PCR cDNA synthesis kit (Clontech, Palo Alto, CA, USA). Degenerate primers GA20ox-RACE1 and GA20ox-RACE2 were designed based on the high homologous region among the sequences of three GA20ox genes: AAC39313 (from Arabidopsis thaliana (L.) Heynh.), BAA32156 (from Nicotiana tabacum L.) and NP001051951 (from Oryza sativa L.). Sequences of the primers used to clone PdGA20ox1 are shown in Table S4 available as Supplementary Data at Tree Physiology Online.
The 3′-end of PdGA20ox1 was amplified with adapter primer 1 (AD1) and GA20ox-RACE1 for the first PCR, adapter primer 2 (AD2) and GA20ox-RACE2 for the second PCR using the following PCR program: 94 °C for 5 min, 35 cycles of 94 °C for 0.5 min, 62 °C for 0.5 min, 72 °C for 1 min and 72 °C for 5 min after the final cycle. The product of the second PCR was purified and sequenced. Subsequently, the core fragment sequence was used to design the gene-specific primers for 5′ RACE. The 5′-end of PdGA20ox1 was amplified with adapter primer 3 (AD3) and GA20ox-RACE3 for the first PCR, AD2 and GA20ox-RACE4 for the second PCR following the PCR program: 94 °C for 5 min, 35 cycles of 94 °C for 0.5 min, 63 °C for 0.5 min, 72 °C for 2 min and 72 °C for 5 min after the final cycle. The 5′-and 3′-end of the full-length cDNA was obtained using a SMARTer RACE cDNA amplification kit (Clontech, Palo Alto, CA, USA) according to the manufacturer's protocol. Finally, the full PdGA20ox1 cDNA PCR product was cloned into pGEM-T Easy vector (Promega, Madison, WI, USA) and then sequenced.
Real-time reverse transcriptase-polymerase chain reaction
First-strand cDNA synthesis and real-time polymerase chain reaction (PCR) were performed using a PrimeScript RT Reagent kit (Takara) and an SYBR Premix Ex Taq II (Takara), respectively, according to the manufacturer's instructions. Elongation factor 1α (EF1α, GenBank accession no. FY842441) was used as the reference gene (Hirao et al. 2012 ). The expression level was expressed as a relative value. Polymerase chain reaction mixtures contained 300 nM of either gene-specific primers (PdGA20ox1-F and PdGA20ox1-R) or reference primers (EF1α-F and EF1α-R) (Table S4 available 
Statistical analysis
The correlation coefficient (r or r 2 ) and probability (P) were determined by Pearson's correlation analysis using the Statistical Package for Social Science (SPSS version 12.0).
Results
Field performances across family at age 32 years
Twelve of the 58 families were chosen by hierarchical cluster analysis to represent a range of stem growth performances using stem VI (Tables S1 and S2 available as Supplementary Data at Tree Physiology Online). The KB and KW provenances were equally represented among the 12 families (Table S2 available as Supplementary Data at Tree Physiology Online), though this was by chance. The three clusters (of four families each) differed significantly for both of age 32 year stem VI and stem diameter ( Figure S1 available as Supplementary Data at Tree Physiology Online).
Nursery seedling growth across families at ages 3 and 6 months
Seedling heights of all families in the three hierarchical clusters were similar early in the growing season. However, after the emergence of primary leaves, seedlings of the Superior cluster of four families grew much faster than seedlings of the Intermediate or Inferior clusters of families (data not shown). By age 6 months seedling height and shoot biomass of the Superior cluster differed significantly from the Intermediate and Inferior clusters of families ( Figure S2 available as Supplementary Data at Tree Physiology Online). Family seed weight was also measured, though it showed a significant correlation, across families, only with seedling shoot weights at age 3 months ( Figure S3 available as Supplementary Data at Tree Physiology Online).
Comparisons of seedling growth across family with family stem diameters and VI at age 32 years
Hierarchical cluster analysis was also used to classify the performance at age 6 months for seedling shoot dry weights in each of the 12 families. Eight out of 12 families showed a correct hierarchical clustering, relative to the age 32 year hierarchical clustering for stem VI (Table S2 available as Supplementary Data at Tree Physiology Online). Of most importance, the other four families were not seriously misclassified for their age 6 months shoot dry weights. Both seedling heights and seedling shoot biomass at age 6 months showed significant differences by analysis of variance between the Superior hierarchical cluster and the other two (Intermediate and Inferior) clusters ( Figure  S2 available as Supplementary Data at Tree Physiology Online).
Pearson's correlation analysis was also used to assess the performance of family means for age 6 months nursery seedling heights. Thus, positive and significant correlations, across the 12 families, were obtained when age 6 months shoot dry biomass and seedling heights (Figure 1 and Table 1 ) were regressed against each of age 32 years stem diameters and age 32 years stem VI.
Close links between endogenous plant growth hormones and family growth performance
The concentrations of three endogenous plant hormone classes, ABA, IAA and GAs, were quantified in both needle and stem tissues of 3-month-old seedlings (Table S3 available as Supplementary Data at Tree Physiology Online). Needle ABA concentrations were relatively high, while needle IAA concentrations were low. GAs A 1 , A 3 , A 9 , A 15 and A 24 were also identified in needles, in variable amounts. GA 1 was only sporadically present, and surprisingly GA 4 was not detectable in needles (Table S3 available as Supplementary Data at Tree Physiology Online). In contrast to needles, stem IAA concentrations at age 3 months were high. The only GA detectable in age 3 months stem tissue (apical bud tip removed) was GA 20 , which is an immediate precursor of the growth effector GA, GA 1 . Hormone concentrations for needles and stems of nurserygrown seedlings, age 3 months, were subjected to Pearson's correlation analyses across family, with nursery seedling shoot biomass and seedling heights at ages 3 and 6 months. Needle IAA concentrations for age 3 months seedlings were positively and significantly correlated with age 6 months seedling shoot dry weights ( Figure 2a , Table 2 ). Stem IAA concentration at age 3 months was also positively and significantly correlated with age 3 months seedling shoot biomass and seedling heights ( Figure S4a and b available as Supplementary Data at Tree Physiology Online). In contrast, 3-month-old stem ABA was negatively and significantly correlated with seedling height at age 3 months ( Figure S4c available as Supplementary Data at Tree Physiology Online).
The GA 20 concentrations of age 3 months stems showed significant correlations with age 6 months seedling shoot dry weights (Figure 2b ) and age 6 months seedling heights (Figure 2c ). Stem tissue GA 20 concentrations at age 3 months were also positively and significantly (P = 0.001) correlated with relative levels of expression in age 3 months stem tissue for the GA biosynthesis GA20ox gene, PdGA20ox1 (Figure 2d) .
Age 3 months stem tissue GA 20 concentrations were also positively and significantly (P = 0.010) correlated with age 32 year tree stem diameters (Figure 3a) , while the relative levels of expression of PdGA20ox1 in age 3 months stems were positively and near significantly (P = 0.088) correlated with age 32 years tree stem diameters (Figure 3b ). Needle PdGA20ox1 Plant hormones as markers for inherent tree stem growth capacity 89 
Cloning of the P. densiflora GA 20-oxidase gene (PdGA20ox1)
In order to isolate a full-length P. densiflora cDNA encoding GA 20-oxidase, degenerate oligonucleotide primers complementary to conserved regions in the Arabidopsis, tobacco, and rice GA 20-oxidase clones were used. Combinations of two 3′ RACE (GA20oxRACE1 and GA20oxRACE2), two 5′ RACE (GA20oxRACE3 and GA20oxRACE4) and three adapter primers (AD1, AD2 and AD3) successfully generated a specific PCR product (Table S4 available 
Discussion
A retrospective approach was used to identify markers for traits, at the family level, of inherently rapid forest tree stem growth. Among the potential markers examined were seedling heights and shoot biomass, endogenous growth hormone concentration and relative levels of expression of PdGA20ox1, a gene which encodes the GA20 oxidases in GA biosynthesis.
Seedlings of the four families in the 'Superior' hierarchical cluster had much more rapid height growth than those of the eight families classed as 'Intermediate' or 'Inferior', with the most rapid growth beginning just after the emergence of 90 Park et al. primary leaves (needles). Family seed weights showed significant and positive correlations with age 3 months family seedling shoot weight and height at age 3 months, but by age 6 months the significant correlation had disappeared, a phenomenon also reported by Kriebel (1972) .
Age 6 months nursery seedling heights showed significant correlations, across family, with each of age 32 stem diameters and stem VI (Figure 1a and b) , and similar correlations (significant) with age 32 years heights, stem diameters and stem VI were seen for age 6 months seedling shoot dry weights (Table 1) . Rank classification analysis (Table S2 available as Supplementary Data at Tree Physiology Online) demonstrated that the rate of correct classification was higher when seedling shoot weight, instead of seedling height, was used. While the age 6 months seedling growth correlations, across family, with 32-year-old tree stem growth are unusual, similar findings are found in the literature for fullsibling families of P. radiata, i.e., seedling stem volume at age 138 days gave reliable estimates of field performance at age 9+ years Ross 1986, Pharis et al. 1991) . Also, age 6 months heights of full-sibling families of black spruce (P. mariana Mill.) which were grown in a glasshouse environment were significantly correlated with age 13 year field heights (Williams et al. 1987) .
There are two common themes in the above discussion. First, for all of the retrospective approaches the seedlings were grown under near-optimal environmental conditions. Second, morphological measurements were made prior to the setting of the first resting bud. These findings imply that the first year's stem and shoot growth of very young seedlings that are raised under near-optimal conditions can be useful traits for identifying inherently rapid stem growth potential of conifer families.
The presence of GA 15 , GA 24 and GA 9 in the needles indicates that the early non-hydroxylation pathway is operative in P. densiflora, as appears to be the case for other conifer species (Zhang 1990 , 1996 , Little and Pharis 1995 . GA 9 is a likely precursor of GA 20 , and its conversion to GA 20 has been shown in willows (Junttila et al. 1992) . Interestingly, GA 9 concentrations in seedling needles of five full-sibling families of P. radiata, grown under climate-controlled Phytotron conditions, functioned as a marker of subsequent field performance at age 9+ years across southeastern Australia, i.e., family was a significant variable for GA 9 content-see Table 2 and Figure 7 in Pharis et al. (1992) .
Plant hormones as markers for inherent tree stem growth capacity 91 GA 20 was the only GA present in stem tissue at detectable levels. It has also been identified in both needles and stems of lodgepole pine (Pinus contorta Douglas) seedlings (Zhang 1990) . Although not bioactive per se, GA 20 concentrations in stem tissues of age 3 months seedlings appear to be functioning as a marker, i.e., they were positively and significantly correlated, across family, with each of (i) 6-month-old seedling shoot dry weights and heights (Figure 2b and d) and (ii) age 32 years tree stem diameters and tree stem VI (Figure 3a and Figure S5 available as Supplementary Data at Tree Physiology Online, respectively).
Needle IAA concentrations for age 3 months seedlings were positively and significantly correlated, across family, with age 6 months seedling shoot dry weight (Table 2 ). Stem tissue IAA concentrations in age 3 months seedlings were significantly correlated, across family, with age 3 months shoot dry weights and stem lengths ( Figure S4a and b available as Supplementary Data at Tree Physiology Online). High IAA levels have been associated with enhanced levels of expression of two GA biosynthesis genes, GA20ox and GA3ox (Wolbang and Ross 2001 , Ozga et al. 2003 , Wolbang et al. 2004 , Nemhauser et al. 2006 . Thus, biosynthesis of the GAs required for rapid seedling stem growth may be dependent on an adequate supply of the auxin IAA, from leaf ( needle) tissue.
Stem tissue ABA concentrations for age 3 months seedlings showed a negative and significant correlation, across family, with age 3 months seedling stem length ( Figure S4c available as Supplementary Data at Tree Physiology Online). Thus, an ABA : IAA 'balance' may control very early seedling height growth. Recent evidence suggests that IAA acts downstream of the ABA response (Rinaldi et al. 2012) and there is also the potential for high ABA concentrations, across family, to negatively influence the biosynthesis of GAs (Kurepin et al. 2011) , including inhibition at the gene expression level (Toh et al. 2008) . Seedling stem tissue ABA was not, however, significantly correlated, across family, with stem growth at either of age 6 months or age 32 years.
Indole-3-acetic acid is thought to be synthesized predominantly in the shoot apex and young leaves (Ljung et al. 2001), and Lanner (1993) concludes that elongation of Pinus spp. shoots is regulated by auxin inputs from stem units with developing needle fascicles. He, however, rejected any role for GAs in conifer stem growth (Lanner 1993) . Additional support for needle-origin IAA as a causal factor for stem elongation comes from experiments where removal of the apical meristem from elongating Pinus ponderosa Douglas ex C.Lawson shoots did not decrease longitudinal stem growth, whereas removal of needles had a marked inhibitory effect on shoot elongation (Lanner and Connor 1988) .
Because stem GA 20 concentrations at age 3 months functioned as a significant marker of family growth rank for both young seedlings (ages 3 and 6 months) and older trees (age 32 years), we proceeded to clone the P. densiflora GA 20-oxidase gene (PdGA20ox1). The GA 20-oxidase, via overexpression of GA20ox, has been shown to control both stem length and radial stem growth (Eriksson et al. 2000 , Han et al. 2011 in transgenic hybrid aspen. Expression levels of our cDNA clone (PdGA20ox1; KC461180.1) in both needle and stem tissues were determined by real-time RT-PCR so that they could be compared with each family's growth performance at ages 3 and 6 months (nursery), and also at age 32 years (field). Relative expression levels of PdGA20ox1 in nurserygrown, 3-month-old seedling stem and needle tissue were assessed across 12 P. densiflora families. Only stem tissue PdGA20ox1 expression showed significant correlations, across family, i.e., with each of age 3 months seedling stem GA 20 concentrations ( Figure 2d ) and age 6 months seedling heights (Table 2 ). Even age 32 years tree stem diameter showed a positive and near-significant (P = 0.088) correlation with seedling stem PdGA20ox1 expression (Figure 3b ). From these results, we conclude that expression levels for the PdGA20ox1 GA biosynthesis gene may be an important factor in the control of P. densiflora tree shoot/stem growth over several developmental stages, i.e., from young seedlings to 32-year-old trees. Variation in PdGA20ox1 expression, then, may (speculatively) explain much of the natural variation in tree stem size for an even-aged conifer forest. These conclusions are reinforced by the overexpression trials in the hybrid aspen of GA20ox (Eriksson et al. 2000 , Han et al. 2011 .
A working hypothesis is that PdGA20ox1 controls the biosynthesis rate of C 20 GAs, i.e., GA 15 → GA 24 , to the C 19 GA, GA 9 . From GA 9 C13-hydroxylation would yield GA 20 , and the seedling stem tissue concentration of GA 20 was a significant biomarker, across family, for age 6 months seedling growth and age 32 years tree stem diameters and VI. Gibberellin A 20 could then be C-3β-hydroxylated to the growth effector GA, GA 1 .
Our work has provided potentially useful markers for identifying families with inherently rapid stem growth traits, results which can be incorporated into conventional breeding strategies. Most importantly, the results obtained from young seedlings are validated by retrospective comparisons with the stem growth performance of the corresponding adult families at age 32 years. These results with P. densiflora also point toward the successful early selection of progeny from genetic crosses of other conifer tree species, i.e., the identification of progeny which are inherently fast growing and have high stem biomass production.
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